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A B S T R A C T
Single-shot positron annihilation lifetime spectroscopy (SSPALS) is an extremely useful tool for experimentsinvolving the positronium atom (Ps). I examine some of the methods that are typically employed to analyselifetime spectra, and use a Monte-Carlo simulation to explore the advantages and limitations these have in laserspectroscopy experiments, such as resonance-enhanced multiphoton ionization (REMPI) or the production ofRydberg Ps.
1. Introduction
Positronium (Ps) [1] is the bound state of an electron and a positron.In vacuum, the components of the particle–antiparticle pair will ul-timately annihilate with each other. The mean lifetime against self-annihilation is 125 ps for the 𝑛 = 1 singlet spin state (11𝑆0, para-Ps) [2,3] or 142 ns for the 𝑛 = 1 triplet spin states (13𝑆1, ortho-Ps) [4,5]. Annihilation of p-Ps usually results in two 511 keV gamma-rayphotons, whereas o-Ps predominately decays into three with a combinedenergy of 1.022 MeV [6]. A scintillator coupled to a photomultiplier tube(PMT) can be used to efficiently detect gamma rays with sub-ns timingresolution [7]. This facilitates precision positron annihilation lifetimespectroscopy (PALS) [8,9] – a simple but powerful technique that wasinstrumental in the discovery of positronium by Deutsch in 1951 [10].The gross atomic structure of Ps [11] can be described by theBohr model for hydrogen but with a reduced mass of 𝜇Ps = 𝑚𝑒∕2;the corresponding energy levels are then given by 𝐸𝑛 = −6.8∕𝑛2 (eV).Optical excitation from the ground state can be achieved using a pulsedlaser synchronized to a time-bunched Ps source (𝛥𝑡 ≲ 10 ns) [12–18].The annihilation and fluorescence decay rates of the excited states rangewidely [19,20] and laser excitation to these can have a marked effect onthe overall lifetime. But to measure a PALS spectrum each annihilationevent must be resolvable in the time domain, which is generally notpossible with ns Ps sources. In this case, single-shot positron annihila-tion lifetime spectroscopy (SSPALS) [21] can be implemented instead.Here, the output of a fast gamma-ray detector constitutes the lifetimespectrum. This is a valid approximation if the Ps formation time andthe decay time of the detector are both sufficiently short. PbWO4 has ascintillation decay time of 𝜅 ∼ 10 ns, which is well suited to resolvingo-Ps decay (𝜏 = 142 ns). The Cerenkov radiator PbF2 can be used toimprove timing resolution [22] but it has a lower light output. For someapplications, a slower material with a higher light output, such as LYSO(𝜅 ∼ 40 ns), might be chosen to improve detection efficiency and thesignal-to-noise ratio [23].
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Pulsed Ps sources, with time widths of a few ns, can be obtainedby implanting time-focused positron beams [24,25] into Ps-convertermaterials, such as mesoporous SiO2 [26]. The interconnected networkof pores provides a path to vacuum along which Ps atoms cool viainelastic collisions [14,27]. The overall efficiency for emission of o-Psfrom mesoporous silica is 𝜖 ∼ 0.25 /e+. Other materials are knownto be more efficient [e.g., 28], however, mesoporous silica is oftenchosen for laser spectroscopy experiments because it performs well atroom temperature and the conversion efficiency is generally stable [29].Moreover, the average kinetic energy of Ps atoms emitted from thismaterial can be relatively low (40 – 100 meV [14]). With a mass of
𝑚Ps = 2𝑚e ≈ 0.0011 amu, Ps atoms usually move at very high speeds(|𝑣| ≈ 1.3 × 105 ms−1 for 𝐾𝐸 = 100 meV). Consequently, the Dopplerwidth of the 1𝑆 → 2𝑃 transition is around 0.5 THz for a 400 Kdistribution. A laser bandwidth ≳ 50 GHz is therefore required toachieve significant spectral overlap [13–15]. Alternatively, two-photonDoppler-free excitation schemes can be pursued [12,30].There are unique challenges to performing laser spectroscopy withpositronium that arise from its low mass and predisposition to an-nihilate. On the other hand, annihilation radiation can be harnessedto measure lifetime spectra. In this article, I describe a simple modelfor SSPALS spectra and outline the main features and usual methodsof analysis, which have been employed in applications ranging frommeasurement of the ground-state hyperfine interval [31] to the dis-covery of the di-positronium molecule (Ps2) [32]. Then I present theresults of Monte-Carlo (M-C) simulations of Ps distributions resonantlyinteracting with laser radiation. I use the simulations to examine howlaser excitation of Ps can affect a lifetime spectrum and compare theresults with experimental data.
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Fig. 1. An SSPALS spectrum modelled using Eq. (1) (𝜖 = 0.25, 𝜅 = 9 ns, and 𝜎 = 2 ns).Scaled for a peak height of 1.
2. Single-shot positron annihilation lifetime spectra
The time distribution of the gamma radiation generated when apulsed positron beam impacts a Ps-converter will, in general, containtwo main features: (i) a prompt peak associated with the rapid annihila-tion of e+ and p-Ps; and (ii) delayed events that reflect the exponentialdecay of o-Ps emitted from the converter into vacuum.An SSPALS spectrum can be analytically modelled using a Gaussiandistribution for the positron implantation time (width of 𝜎), convolvedwith the 𝜖-weighted decay of o-Ps (𝜏 = 142 ns); I use the approximationthat unconverted positrons and p-Ps annihilate immediately and that theproduct of the likelihood of detecting an event and the amplitude of itssignal is equal for 3𝛾 and 2𝛾 decay. This function can then be convolvedwith a model for the detector response (rise time of zero and decay timeof 𝜅). Altogether, this gives [33]
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𝑉0 is an arbitrary scaling factor, and erf represents the error function.Eq. (1) is plotted in Fig. 1 for typical positron pulse and Ps-converterparameters and a detector response appropriate to PbWO4 (𝜅 = 9 ns).In principle, Eq. (1) can be fitted to a measured spectrum todeconvolve its components. In practice, it is often sufficient to quantifythe delayed fraction, 𝑓𝑑 . This metric can be used to estimate the Psconversion efficiency or to observe, e.g., laser-induced changes in thespectra. It is defined as [34]
𝑓𝑑 =
∫ 𝐶𝐵 𝑉 (𝑡) 𝑑𝑡
∫ 𝐶𝐴 𝑉 (𝑡) 𝑑𝑡
, (3)
where the time interval𝐴→ 𝐵 encompasses the prompt peak and𝐵 → 𝐶contains the delayed events. Typical choices for these parameters are
𝐴 = −10 ns, 𝐵 = 30 ns, and 𝐶 = 700 ns (where 𝑡 = 0 is the positronimplantation time), such that 𝑓𝑑 ≈ 𝜖. The exact values of 𝐴 and 𝐶 arenot usually important, so long as the bulk of the spectra is captured.The optimal value for 𝐵 will depend on the detector response and theprocess being measured.In Ref. [34] the relationship between the Ps conversion efficiencyand the measured delayed fraction was examined using an exponentialresponse model for the prompt and delayed components of SSPALSspectra. Similarly, I model spectra with Eq. (1) (𝜅 = 9 ns and 𝜎 =
2 ns) and then calculate 𝑓𝑑 using Eq. (3). Fig. 2a illustrates that for
𝐵 = 30 ns the delayed fraction tracks the Ps conversion efficiency fairlyaccurately, especially in the region close to 𝜖 = 0.3. Fig. 2b demonstrateshow the difference between the delayed fraction and the conversion
Fig. 2. (a) The delayed fraction, 𝑓𝑑 , measured for SSPALS spectra modelled using Eq. (1)(𝜏 = 142 ns, 𝜅 = 9 ns, and 𝜎 = 2 ns) as a function of the Ps conversion efficiency, 𝜖.The integration bound 𝐵 is 30 ns. The dashed line marks 𝑓𝑑 = 𝜖. (b) Contour plot of thedifference between the Ps conversion efficiency and the delayed fraction (𝜖 − 𝑓𝑑 ) as afunction of 𝜖 and 𝐵. Negative contours are dashed.
efficiency varies with the choice of 𝐵, indicating that the broadest rangeof agreement is found for 𝐵 = 20 – 40 ns. Note that this dependson the time width of the positron pulse and the time response of thedetector [22,23].For many applications the absolute value of the o-Ps fraction is notimportant. What actually matters is how it changes. This is normallyquantified using the parameter [35]
𝑆𝛾 =
𝑓𝑏𝑘 − 𝑓𝑑
𝑓𝑏𝑘
, (4)
where 𝑓𝑏𝑘 is a background measurement of the delayed fraction (e.g.,with the laser tuned off resonance).
3. Laser spectroscopy of positronium
3.1. Overview
A typical arrangement for creating Ps atoms and interrogating themwith lasers is shown in Fig. 3. A magnetic field guides a positron pulseinto a Ps-converter material mounted to a target electrode. The voltageapplied to the electrode is used to tune the positron implantation energy(usually 0.1 - 5 keV). Some of the positrons will form Ps that is emittedto vacuum, where they can be intersected by one or more laser pulses.A gamma-ray detector – usually located outside the vacuum chamber
≲ 100 mm from the Ps converter – measures the SSPALS spectrum.An additional electrode or a grid (not shown), positioned offset andparallel to the target, can be used to control the electric field in thelaser-interaction region [16,19,36].Photoionization of Ps can be performed from the ground state usingtwo-colour resonance-enhanced multiphoton ionization (REMPI) [17,35,37]. For instance, photoionization via 𝑛 = 2 requires an ultraviolet(UV) 𝜆 = 243.0 nm laser for the first transition and an infra-red (IR) orvisible 𝜆 ≤ 729.0 nm laser to drive the excited state to the continuum.Released positrons can be accelerated by an electric field towards the
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Fig. 3. Schematic of a simple Ps-formation and laser-interaction experimental configura-tion. A time-focused positron bunch is implanted into a Ps-converter material and lasersintersect the subsequently emitted Ps atoms.
target and are there likely to annihilate. The effect upon SSPALS spectrais an annihilation excess that is approximately coincident with thelaser pulses, followed by a depletion of the delayed annihilation eventsassociated with ground-state o-Ps. The laser–Ps-interaction region istypically chosen to be very close (<1 mm) to the Ps-formation regionso that the maximum number of atoms can be addressed before thecloud disperses. Accordingly, photoionization will occur during – or veryshortly after – the prompt peak.The 142 ns mean lifetime of ground-state o-Ps imposes a significantrestriction on experiments and results in average flight paths of a fewcm in vacuum for Ps atoms created in mesoporous silica. However,self-annihilation of Rydberg states (𝑛 ≳ 10) is almost negligible. Thesehigh-𝑛 states can be populated using pulsed lasers [16,38–40]. The
1𝑆 → 2𝑃 → 𝑛𝑆∕𝐷 excitation scheme used in Ref. [16] is similarto that for REMPI described above (two-colour, two-photon) but thewavelength of the IR laser is in the range of 730–770 nm.The average fluorescence lifetime for Rydberg positronium rangesover 3 − 26 μs for 𝑛 = 10 − 19 [20]. Long flight paths of more thana metre are therefore possible, even for Rydberg Ps atoms with fairlylow kinetic energy. This allows for (almost) background-free detectionusing, for instance, a micro-channel plate (MCP) removed from theproduction environment [41,42]. Nonetheless, SSPALS can also be usedfor experiments with Rydberg positronium [16,39] and it is relativelysimple to implement. The effect that populating Rydberg states hason lifetime spectra depends on several aspects of the experimentalarrangement, as discussed in Section 3.2.3.
3.2. Monte-Carlo simulations
3.2.1. Positronium distributionA simulation has been made to study the overlap between a Ps sourceand a pulsed laser field [43]. Monte-Carlo techniques were used tosimulate Ps distributions consistent with those created in experimentalsystems [e.g., 25]. Namely, a million positrons in a 2 mm wide and 5 nslong (FWHM) pulse are converted into o-Ps with an efficiency of 𝜖 = 0.25/ e+. The Ps atoms are emitted from a plane surface (𝑥𝑦) with a beamMaxwell–Boltzmann velocity distribution. For 𝑇 = 400 K, the majorityof ground-state o-Ps will travel less than 50 mm before undergoing self-annihilation. At 𝑡 = 15 ns a laser pulse (𝛥𝑡 = 7 ns) passes through thecloud along the 𝑥-direction, offset by a distance of 0.5 mm from thePs-converter. The flat rectangular profile of the laser field (𝛥𝑦 = 6 mm;
𝛥𝑧 = 2.5 mm) mimics that of a pulsed dye laser. The wavelength istuned for the 13𝑆 → 23𝑃 transition (𝜆 = 243.0 nm). The product ofthe time-integrated laser intensity and spectral overlap experienced byeach simulated Ps atom was computed, and those that surpassed a given
Fig. 4. The velocity components (units of 105 m s−1) of a M-C simulated Ps distribution(𝑇 = 400 K). Atoms excited by a 𝜆 = 243.0 nm, 𝛥𝜈 = 85 GHz, 𝛥𝑡 = 7 ns laser pulse areshown in green. (For interpretation of the references to colour in this figure legend, thereader is referred to the web version of this article.)
threshold were deemed to have been excited by the laser, as shown inFig. 4.Doppler effects and the laser bandwidth (𝛥𝜈 = 85 GHz) results inlaser selection based on the 𝑥-component of the velocity distribution. Toa lesser extent, the 𝑧 and 𝑦 components of an atom’s velocity vector willalso determine whether or not it can be excited by the laser. This is dueto the finite size of the laser profile: some of the Ps atoms pass throughthe interaction region before or after the laser pulse arrives, or miss italtogether. The simulation suggests that the laser is able to excite almost
30% of the ground-state Ps atoms. But if the positron pulse is not radiallycompressed or not sufficiently bunched, or if the laser is positioned toofar from the Ps-converter, this fraction is drastically reduced.
3.2.2. REMPIAnnihilation lifetimes extracted from the M-C simulation were usedto generate SSPALS spectra — see Appendix for details. The simulatedlifetime spectrum shown in Fig. 5 was calculated assuming that thosePs excited by the laser are ionized via REMPI and instantly annihilate.This causes an increase in the number of annihilation events during theprompt peak, with proportionately fewer after.In this example, the difference between the background and REMPIsimulated SSPALS spectra is a result of 28.0% of the Ps atoms havingbeen photoionized. These spectra were analysed using the delayedfraction technique outlined in Section 2, with 𝐴 = −10 ns, 𝐵 = 35 ns,and 𝐶 = 700 ns (𝑡 = 0 was found using a constant-fraction-discriminator(CFD) algorithm [44,45] that triggers on the rising edge of the promptpeak). This gives 𝑓𝑏𝑘 = 22.5% for the background spectrum, 𝑓𝑑 = 17.3%for the spectrum with the effects of REMPI included, and a value of
𝑆𝛾 = 22.9% for the difference.Similar lifetime spectra were produced for two different Ps distribu-tions (𝑇 = 400 K and 2000 K). Fig. 6 shows the ionized fraction (lines)compared to values for 𝑆𝛾 (points) corresponding to a range of laserwavelengths and delays. Fig. 6a illustrates how the temperature of theunderlying Ps distribution can be inferred from the measured Dopplerwidth of the Lyman-𝛼 transition [14,15,46]. It also demonstrates that,in this case, the 𝑆𝛾 parameter is a fairly good estimate for the fractionalchange in the number of o-Ps atoms.However, the laser delay scan plotted in Fig. 6b shows that 𝑆𝛾 doesnot track the ionized fraction for later laser trigger times. For example,for the 𝑇 = 400 K distribution, 𝑆𝛾 ≈ 0 when the laser was triggered
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Fig. 5. Monte-Carlo simulation of SSPALS spectra (𝜖 = 0.25, 𝜏 = 142 ns, 𝜅 = 9 ns,
𝑇 = 400 K, and 𝜎𝑡 = 2 ns), including the effect of REMPI via 𝑛 = 2. The UV laser(𝜆 = 243.0 nm, 𝛥𝜈 = 85 GHz) was triggered at 𝑡 = 15 ns. The lower panel shows thebackground subtracted spectra.
Fig. 6. Monte-Carlo simulation of REMPI via 𝑛 = 2, (a) for a range of UV laser wavelengths[t = 15 ns], (b) for different laser delays [𝜆 = 243.0 nm], and for two different temperaturedistributions. The solid lines show the photoionized fraction. The points mark the 𝑆𝛾values obtained from the simulated lifetime spectra by analysing the laser-induced changein 𝑓𝑑 , using 𝐴 = −10, 𝐵 = 35 and 𝐶 = 700 ns.
at 𝑡 = 40 ns, even though the ionized fraction was actually ∼7%. Thisis a consequence of the definition of 𝑓𝑑 (Eq. (3)) and the choice of 𝐵.If a given Ps atom is photoionized after 𝐵 then the net change to 𝑓𝑑will be zero, as in all likelihood it would have annihilated within the
𝐵 → 𝐶 time window anyway. This problem can be solved by extending
𝐵 beyond the laser trigger time, or by choosing integration bounds thattrack the laser timing. If this type of measurement is performed with asufficiently well-defined laser position then Ps time-of-flight spectra andlongitudinal velocity information can be extracted [37].Magnetic quenching [47,48] has also been exploited for laser spec-troscopy of positronium [13–15,36]. Laser excitation from the tripletground state to a magnetically-mixed excited state can lead to sponta-neous decay to the short-lived singlet ground state. For excitation to
Fig. 7. Monte-Carlo simulation of SSPALS spectra (𝜖 = 0.25, 𝜏 = 142 ns, 𝜅 = 9 ns, and
𝜎 = 2 ns), including the effect of populating Rydberg levels that are either long-lived(𝜏 = 4 μs) or ionized at 𝑧 = 9 mm. The laser was triggered at 𝑡 = 15 ns. The lower panelshows the background subtracted lifetime spectra.
states that rapidly fluoresce (e.g., 2𝑃 ) the overall lifetime is therebyreduced. The effect had on SSPALS spectra is similar to REMPI, al-beit weaker because of competition with decay to the triplet groundstate [19].
3.2.3. Rydberg positroniumThere are several ways in which exciting Ps atoms to Rydberglevels can affect SSPALS spectra. A positronium atom is very unlikelyto annihilate directly in a high-𝑛 state. Accordingly, laser excitationcan extend an atom’s lifetime by the time it takes it to decay backto the ground state; for 𝑛 = 15, the average fluorescence lifetime is
∼10 μs [20] (almost two orders of magnitude longer than the ground-state annihilation lifetime). However, Rydberg states can be ionized byelectric fields of just of a few kV cm−1, which are not atypical of theexperimental arrangement described in Section 3.1. Ionization likelyleads to the annihilation of the free positron within a few ns. ExcitingPs to Rydberg levels can, therefore, result in lifetime components inSSPALS spectra that are distinctly longer or shorter than the ground-state lifetime, depending on the experimental environment [16,49].The Monte-Carlo simulation described in Section 3.2.2 was adaptedsuch that, instead of photoionizing Ps, the lasers would drive transitionsto states with an average lifetime of 4 μs. The excitation scheme is atwo-step transition via 𝑛 = 2. I assume that the second step is 50%likely for all of the atoms selected by the laser during the first step. Theeffect of Ps atoms colliding with the chamber walls and annihilating wasalso added to the simulation. The simulated chamber is a tube with aninternal diameter of 36 mm, aligned to the 𝑧-axis and located a distanceof 𝑧 = 30 mm from the Ps-converter. Typical Ps flight times to the wallsrange from 0.1 to 1.0 μs. A grid electrode with an open area of 90%is positioned 9 mm from the target. This is an approximation to theexperimental arrangement described in Ref. [16].1Three simulated SSPALS spectra were generated: (i) with onlyground-state o-Ps (background); (ii) with laser-excitation to long-livedRydberg states; and (iii) where any atoms in Rydberg states that travela distance of 𝑧 = 9 mm from the Ps converter annihilate there. The thirdcase is to simulate the effect of a region of high electric field after thegrid that ionizes the Rydberg atoms. These spectra are plotted in Fig. 7,with the background subtracted spectra displayed in the lower panel.In all three cases, the inclusion of collisions with the grid andchamber walls adds broad lumps to the spectra at 𝑡 ∼ 100 and
1 Housing the Ps-converter in a fairly small vacuum chamber allows for theSSPALS detector to be positioned very near to the laser-interaction region tomaximize the overall detection efficiency.
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200 ns. Exciting Ps atoms to long-lived Rydberg states (case ii) partiallysuppresses the early part of the 142 ns lifetime component. An additionallong lifetime component becomes apparent at later times [25]. Thedelayed events would be evident even if the Rydberg levels had muchlonger fluorescence lifetimes because of the excited Ps atoms hittingthe chamber walls. For 𝐵 = 35 ns, the delayed fraction analysis gives
𝑆𝛾 ≈ 1.5%. This apparent insensitivity to Rydberg production can beremedied by setting 𝐵 to 250 ns, which yields 𝑆𝛾 = −38.1%. The valueof 𝐵 can be tuned to maximize the 𝑆𝛾 signal-to-noise ratio [23]. Theoptimal integration bounds will depend on the Ps velocity distribution,the surroundings, the detector location, the scintillation decay time andbackground noise levels.The negative sign of 𝑆𝛾 is in contrast to the positive values found forREMPI. Because 𝐵 has been set to a later time, 𝑓𝑑 is not representativeof the number of o-Ps contributing to the spectra (see Section 2). Andalthough 𝑆𝛾 ∼ −40% is an indication of laser excitation events, its valueis not a good measure of how many of the atoms have been excited(∼14.0%). Moreover, the value of 𝑆𝛾 will vary significantly with thechoice of 𝐵.A similar analysis of the lifetime spectrum that included field-ionizedRydberg Ps (case iii), using 𝐵 = 35 ns, results in a small signal of
𝑆𝛾 = −1.3%. Whereas, for 𝐵 = 250 ns, 𝑆𝛾 ≈ 16.1%. Note that thelatter value is positive. The effect of field ionization is broadly similarto REMPI but with the gamma-ray excess delayed by the flight timeto the grid (∼100 ns). However, it is an accident of the Ps distributionand chamber geometry that the distinct processes of long-lived or field-ionized Rydberg states can be analysed effectively using the exact sameintegration bounds. In general, the analysis should be optimized for eachprocess separately [23].
3.3. Experimental data
An example of the application of SSPALS to laser spectroscopy ofRydberg states of positronium is reported in Ref. [16]. The authorscreated Ps atoms by implanting 4 keV positrons into mesoporous silica.The emitted Ps distribution was then exposed to UV and IR laser pulsesthat had been tuned to drive 1𝑆 → 2𝑃 → 𝑛𝑆∕𝐷 transitions from theground state to Rydberg levels. A grid electrode positioned ∼8 mm infront of the silica target set the electric field in the laser-interactionregion to |𝐹 | ≈ 0 kV cm−1. A PbWO4 scintillator optically coupled toa PMT was used to detect annihilation radiation. The output of the PMTwas split between a high gain channel and a low gain channel of a digitaloscilloscope, and the data was spliced together in post-processing tosimultaneously achieve high-resolution and a wide dynamic range.Three of the measured SSPALS spectra, corresponding to three differ-ent IR laser wavelengths, are shown in Fig. 8a; Monte-Carlo simulatedspectra for long-lived and field-ionized Rydberg Ps (Section 3.2.3) havebeen overlain for comparison. All of the spectra have been scaled for apeak height of 1.The background-subtracted spectrum recorded when the laser wastuned to resonantly populate 𝑛 = 19 is consistent with the simulatedspectrum for field ionization of Rydberg atoms at the grid. This isexpected, given that the electric field between the mesh wires of thegrid electrode, |𝐹 | ≈ 1.5 kV cm−1, exceeds the classical ionization fieldfor 𝑛 = 19 of 1.1 kV cm−1 [50]. However, the background subtractedspectrum recorded when the IR laser was tuned to resonantly populate
𝑛 = 12 also has features indicative of field ionization at the grid, eventhough the classical ionization field of 6.9 kV cm−1 for this state is muchlarger than any regions of electric field in the experimental apparatus.This may be due to tunnel ionization, or deflection of the atoms into themesh caused by Rydberg–Stark acceleration [51–53]. But Fig. 8a alsoshows that a significant amount of the 𝑛 = 12 atoms survive beyondthe grid region and annihilate later. The delayed features of the 𝑛 = 12lifetime spectrum are similar to those in the M-C simulated RydbergPs SSPALS spectrum, and are attributed to collisions with the chamberwalls.
Fig. 8. (a) SSPALS spectra recorded for Rydberg Ps production via two-photon laserexcitation (𝑛 = 12 and 𝑛 = 19) and with the IR laser off resonance (background). The lowerpanel shows the background-subtracted spectra. The dashed (dotted) lines show the M-Csimulated spectra for long-lived (field ionized) Rydberg Ps. (b) 𝑆𝛾 values measured for Psexcited to Rydberg levels via 𝑛 = 2 in zero applied electric field (𝐴 = −2, 𝐵 = 226, and
𝐶 = 597 ns). The top axis shows the wavelengths expected to excite each 𝑛-state. The opensymbols mark the points corresponding to the SSPALS spectra plotted in (a). Experimentaldata originally published in Ref. [16].
Although there is broad agreement between features of the exper-imental and simulated spectra there are also several important differ-ences. The simulated spectrum for long-lived Rydberg Ps production(Fig. 7) exhibits a faster decay in the signal than was observed in theexperiments (Fig. 8). This is probably because the time response ofPbWO4 contains slow decay components [54] that were not includedin the simulated spectra. Also, the simulation does not account for thevariation in transition intensity for each final 𝑛-state. This explains whythe parameters used in the M-C simulation gave a magnitude for thebackground-subtracted signal that matched the 𝑛 = 19 spectrum butunderestimated the delayed signal for 𝑛 = 12. Other differences can beattributed to the simulation not including the e+ implantation profilenor the Ps cooling dynamics [55,56], which are known to contributeto delayed emission and an epithermal distribution [14,15,57]. Thevelocity distribution will also be affected by the confinement energyof the Ps atoms inside of the pores [27,58]. Furthermore, the detector’ssolid-angle view of each decay event could affect the lifetime spectra,however, for the geometry described in this work this is not expected tobe very significant.Fig. 8b shows the 𝑆𝛾 values taken from the experimental lifetimespectra as the IR laser was scanned over the wavelength range neededto populate 𝑛 = 9−∞. The integration bounds used to measure 𝑓𝑑 were
𝐴 = −2 ns, 𝐵 = 226 ns and 𝐶 = 597 ns. The sharp peaks are correlatedwith the IR wavelengths expected to excite Ps from 𝑛 = 2 to 9 − 28. For
𝑛 < 17 the peaks are negative, indicating population of Rydberg levelsthat generally live longer than ground-state atoms. However, for 𝑛 > 17the peaks are positive, implying average lifetimes that are shorter thanthose of the ground-state atoms. This is attributed to field ionization of
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the Rydberg Ps near the grid electrode [16]. The broad bandwidth ofthe UV laser (∼85 GHz) restricted the resolvable states to 𝑛 ≲ 28.
4. Concluding remarks
My objective with this article was to employ a Monte-Carlo simu-lation to investigate SSPALS as a tool for atomic physics experimentswith positronium, in support of reported experimental works [e.g., 14–17,59] (for a recent review see Ref. [60]). The power of SSPALS inthese applications is its simplicity and that it can be adapted to severaldifferent types of experiment. Delayed-fraction analysis has proven arobust method for quantifying lifetime spectra, and it is well-suited tomeasuring various laser-induced effects. However, more sophisticatedanalysis methods can extract more information [37] and could conceiv-ably improve the signal-to-noise ratio of spectroscopic measurements.A better understanding of how and why lifetime spectra are affected bythe processes discussed in this work could lead to superior techniquesfor analysis or could be exploited in optimizing the designs of newexperiments.
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Appendix. Simulating SSPALS spectra
In Section 3.2, I used a Monte-Carlo simulation to explore the effectthat laser excitation of Ps has on SSPALS spectra [43]. The objectivewas to find the point in time and space that each positron in a million-strong distribution ultimately annihilates. The simulation was initializedby generating the time and 𝑥𝑦 position that the positrons arrive at a Ps-converter, using random sampling of normal distributions (𝜎𝑡 = 2 ns and
𝜎𝑥 = 𝜎𝑦 = 1 mm). Next, each positron either annihilates immediately oris converted to o-Ps. This is decided by comparing a random numberbetween 0 and 1 to the expected conversion efficiency of 𝜖 = 0.25. Eachpositron that had been successfully converted into a Ps atom was thenassigned its lifetime using an exponential probability distribution witha decay rate of 1∕142 ns. The ‘‘time of death’’ was found for all of theo-Ps and unconverted positrons, and these times were collected into ahistogram of 1 ns bins. This histogram was then convolved with the time-response of PbWO4 (𝜅 = 9 ns) to produce an SSPALS lifetime spectrumthat is consistent with Eq. (1).To evaluate the overlap of the Ps distribution with a laser field themotion of the Ps atoms was added to the simulation. The atoms wereassumed to be emitted from the converter with a Maxwell–Boltzmannbeam distribution. No forces act on them and they travel in straightlines. Thus, whether or not an atom traversed the excitation regionwhen the laser was triggered could be deduced from its initial positionand velocity.2 Laser-excitation events were assigned using a thresholdcut-off for the product of the laser fluence experienced by each atomand the frequency overlap with the laser, including the Doppler shift ofthe Lyman-𝛼 transition arising from the velocity component 𝑣𝑥. Most ofthe atoms in the distribution were insensitive to the exact level of thethreshold, which was set assuming the laser intensity was well abovesaturation. The lifetimes of the laser-excited atoms were adjusted inaccordance with the process being modelled. For two-step excitation tolong-lived Rydberg states, the average lifetime was extended to 4 μs. Thetime at which each trajectory would intersect the chamber wall was alsocomputed. 10% of the atoms that reach the plane of the grid electrodeannihilate there and the rest pass through it. All of the atoms that livelong enough to hit the chamber wall were assumed to annihilate withit.
2 Because step-by-step integration is not necessary a million particle trajecto-ries can be calculated using an ordinary desktop computer in just a few seconds.
Fig. A.9. Histograms of (a) time and (b) 𝑧-position of a million annihilation events forMonte-Carlo simulated positrons converted to Ps (𝑇 = 400 K) and excited to Rydberglevels.
Histograms of the time and position of annihilation for a simulated Psdistribution are shown in Fig. A.9. These have been superimposed withhistograms that correspond to each of the possible routes to annihilation,namely: e+ (or p-Ps) at the Ps converter, ground-state o-Ps decay invacuum, Rydberg Ps decay in vacuum, or by collision with the chamberwall or grid.
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